+ have been found to catalyze the hydrogenation of carbon dioxide to give formate in alkaline aqueous solution with catalytic turnovers up to 400.
Introduction
The first arene ruthenium complex was obtained from the reaction of RuCl 3 ÁnH 2 O with 1,3-cyclohexadiene and reported by Winkhaus and Singer in 1967 as a polymeric material, [(g 6 -C 6 H 6 )RuCl 2 ] n [1] . Later studies by Zelonka and Baird [2] and by Bennett and Smith [3] showed this complex to be a dimer, [(g 6 -C 6 H 6 )RuCl 2 ] 2 . Since these early reports, the chemistry of arene ruthenium complexes has been steadily developed [4, 5] . A new impetus came into this field in 1988, when Ludi, Merbach, Bürgi and co-workers showed that arene ruthenium aqua complexes previously observed by NMR spectroscopy [2] can be isolated under certain conditions; the characterization of the cation [(g 6 -C 6 H 6 )Ru(H 2 O) 3 ] 2+ by singlecrystal X-ray structure analysis of the sulfate salt can be considered as a breakthrough [6] . In the 1990s we found that the chloride or tetrafluoroborate salts of cationic arene ruthenium complexes are well soluble in water, the arene ruthenium bond being robust toward hydrolysis [7] [8] [9] , which resulted in a rapid development of arene ruthenium chemistry in aqueous solution [10] , especially as far as water-soluble catalysts for transfer hydrogenation reactions in aqueous solution are concerned [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The hydrogenation of carbon dioxide to give formic acid in aqueous solution is an attractive approach to the use of carbon dioxide as an economical and ecological C 1 source [22] . This reaction, first reported in 1976 by Inoue and co-workers, is catalyzed by various group VIII metal phosphine complexes in benzene in the presence of water and base [23] . The direct formation of formic acid from CO 2 and H 2 in supercritical carbon dioxide using ruthenium catalysts was pioneered by Noyori and Jessop [24] [25] [26] [27] [28] , while the hydrogenation of carbon dioxide in water, catalyzed by watersoluble rhodium or ruthenium complexes was developed by Gassner and Leitner [29] and by Joó and Laurenczy [30] [31] [32] [33] . Himeda carefully studied the influence of the pH on this reaction and designed rhodium, iridium and ruthenium complexes containing chelating N,N-ligands that can be deprotonated and that are highly active in basic solution [34] . The aqueous hydrogenation of carbon dioxide under acidic conditions, catalyzed by water-soluble arene ruthenium or pentamethylcyclopentadienyl iridium complexes, was pioneered by Ogo and Fukuzumi [35] [36] [37] .
Based on our work on water-soluble organometallic complexes containing chelating ligands for catalytic transfer hydrogenation reactions using sodium formate and water as hydrogen source [11] [12] , we intended to develop a complementary catalyst for the hydrogenation of CO 2 to give HCOO À , which can be coupled to the NADHregenerating (g 5 -C 5 Me 5 )Rh(ortho-phenanthroline) catalyst for the chemoenzymatic enantioselective reduction of ketones (Scheme 1), catalyst using formate as a hydrogen source to give carbon dioxide [13] . We decided to synthesize and to test (g 6 -arene)Ru(oxinato) complexes for this purpose. The first arene ruthenium complexes containing oxinato ligands have been synthesized by Kirchner and co-workers, who structurally characterized the para-cymene complex [(g 6 -MeC 6 H 4 Pr
(1) [38] . In this paper we report the synthesis of a whole series of para-cymene ruthenium chloro complexes containing substituted oxinato ligands, the hexamethylbenzene analogs, the corresponding cationic aqua complexes and their catalytic properties for the hydrogenation of carbon dioxide in aqueous solution.
Results and discussion

Synthesis of the chloro complexes
The para-cymene ruthenium complex [ 
All chloro complexes 1-11 have been isolated by precipitation with diethyl ether and purified by column chromatography on silica gel, they form air-stable, orange to red crystalline solids which are well soluble in dichloromethane, chloroform and acetone. The spectroscopic (MS, In contrast to arene ruthenium chloro complexes containing chelating N,N-ligands, which hydrolyze in water to give the corresponding cationic aqua complexes [11, 12, 39] The para-cymene chloro complex 5 crystallizes in the monoclinic centrosymmetric space group P2 1 /n. The asymmetric unit comprises only one molecule, the molecular structure of which is depicted in Fig. 1 . Crystallographic details are given in Table 8 , and significant bond lengths and bond angles are listed in Table  1 . The hexamethylbenzene chloro complex 6 crystallizes also in the monoclinic centrosymmetric space group P2 1 /c, the asymmetric unit comprising only one molecule. The molecular structure of 6 is depicted in Fig. 2 , crystallographic details are given in Table 8 , and significant bond lengths and bond angles are listed in Table  2 . The 5,7-dichloro-2-methyl-substituted analog 11 crystallizes in the monoclinic centrosymmetric space group P2 1 /a, the asymmetric unit comprising only one molecule. The molecular structure of 11 is depicted in Fig. 3 , crystallographic details are given in Table 8 , and significant bond lengths and bond angles are listed in Table 3 . In the chloro complexes 5, 6 and 11, the ruthenium atom is coordinated to the g 6 -arene ligand, to the oxygen atom and the nitrogen atom of the g 2 -oxinato ligand, as well as to the chlorine atom, the coordination geometry of ruthenium center being pseudo-tetrahedral. The Ru-N and Ru-O distances are similar to those found in 1 [38] .
The tetrafluoroborate salt of the aqua complex 12 crystallizes in the orthorhombic centrosymmetric space group Pcab. The asymmetric unit comprises one molecule of the cationic complex and one tetrafluoroborate counter-anion. The molecular structure of 12 is depicted in Fig. 4 . Crystallographic details are given in Table  8 , and significant bond lengths and bond angles are listed in Table  4 . The 5,7-dimethyl-substituted analog 15 [BF 4 ] crystallizes in the triclinic centrosymmetric space group P 1. The asymmetric unit comprises four cationic complexes, four tetrafluoroborate counteranions and a water molecule. The molecular structure of 15 is depicted in Fig. 5 , crystallographic details are given in Table 8 , and significant bond lengths and bond angles are listed in Table 5 . In both cationic aqua complexes 12 and 15, the ruthenium atom is coordinated to the g 6 -MeC 6 H 4 Pr i ligand, to the oxygen atom and the nitrogen atom of the g 2 -oxinato ligand, as well as to the oxygen atom of a water ligand, the coordination geometry of ruthenium being pseudo-tetrahedral. The Ru-N and Ru-O distances are also similar to those found in 1 [38] .
Catalytic application of the g
-oxinato complexes for the hydrogenation of carbon dioxide in aqueous solution
Based on the studies of Himeda [34] , Ogo and Fukuzumi [35] [36] [37] on the use of the water-soluble arene ruthenium complexes containing bipyridine (bipy) as ligand for the hydrogenation of carbon dioxide to give formic acid in aqueous solution, we checked the catalytic potential of the g 2 -oxinato complexes 1, 4, 9, 10 and 12 [BF 4 ] for this reaction. They do indeed catalyze this reaction in alkaline aqueous solution to give formate, the highest activity being observed for 12[BF 4 ] ( Table 6) .
The pH dependence of the catalytic activity of 12[BF 4 ] was studied for the hydrogenation of carbon dioxide to give formic acid. Under acidic conditions, the reaction does not work, the catalytic activity is maximal for pH 14 ( Table 7 ). The temperature dependence of the catalytic activity of 12 [BF 4 ] was also studied: the maximum turnover was obtained at 100°C (Fig. 6 ). The kinetic plot shows that under these conditions the reaction is almost complete after 10 h when formic acid starts to decompose. The maximum turnover frequency (97 h À1 ) was observed after 2 h (Fig. 7 ). In accordance with observations by Ogo and Fukuzumi for (g 6 -arene)Ru(bipyridine) complexes [35, 36] , we believe the catalytic cycle for carbon dioxide hydrogenation by (g 6 -arene)Ru(oxinato) complexes to involve a hydrido complex formed in situ from the corresponding aqua or chloro complexes (Scheme 2). The hydrido complex may insert CO 2 to give the corresponding formyl complex, which will then react with hydroxide to give the formate anion and a hydroxo complex that can be converted with molecular hydrogen into the catalytically active hydrido complex, see Scheme 2. Coupling of CO 2 -hydrogenating catalyst system to the CO 2 -evolving catalyst system in the catalytic regeneration of NADH [13] . Table 1 Selected bond lengths (Å) and angles (°) in 5.
Interatomic distances Bond angles
The results obtained ( Table 7 ) clearly demonstrate that it is in principle possible to regenerate the formate anion consumed in the catalytic regeneration of NADH in aqueous solution [13] [38] . All other reagents were commercially available and were used without further purification. NMR spectra were recorded on a Bruker 400 MHz spectrometer. Electro-spray mass spectra were obtained in positive-or negative-ion mode with an LCQ Finnigan mass spectrometer. Microanalyses were carried out by the Mikroelementaranalytisches Laboratorium, ETH Zürich (Switzerland). O) (0.163 mmol) was added and the reaction mixture stirred for 2 h at room temperature. When the volume was reduced to 2 mL under high vacuum, an orange precipitate formed. Then the precipitation was completed by addition of diethyl ether (5 mL). The solid was isolated by decanting and dissolved in dichloromethane (5 mL). The solution was filtered and then concentrated to 1 mL. Upon addition of diethyl ether an orange precipitate formed, which was isolated by decanting and washed with Et 2 O (3 Â 2 mL). The product was purified by column on silica gel (CH 2 (10) 2.152(4) Ru(1)-C (11) 2.145(4) Ru(1)-C (12) 2.172(4) Ru(1)-C (13) 2.191(4) Ru(1)-C (14) 2.174(4) Ru(1)-C (15) 2.168(4) Interatomic distances Bond angles
2.151(10) Ru(1)-C (15) 2.146(10) Ru(1)-C (16) 2.134(10) Ru(1)-C (17) 2.167(9) 4 ] were mounted on a Stoe Image Plate Diffraction system equipped with a u circle goniometer, using Mo Ka graphite monochromated radiation (k = 0.71073 Å) with u range 0-200°. The structures were solved by direct methods using the program SHELXS-97 [41] . Refinement and all further calculations were carried out using SHELXL-97 [42] . The H-atoms were included in calculated positions and treated as riding atoms using the SHELXL default parameters. The non Hatoms were refined anisotropically, using weighted full-matrix least-square on F 2 . Crystallographic details are summarized in Ta [43] .
Hydrogenation of carbon dioxide
The hydrogenation of carbon dioxide using 1, 4, 9, 10 or 12 [BF 4 ] as catalyst (2 lmol) was carried out in aqueous solution (20 mL) under basic conditions. The solution was pressurized in an autoclave with H 2 and CO 2 and stirred for the time indicated at the given temperature. The reaction was finished by cooling the autoclave to 0°C. After pressure release, the yield of formic acid was determined by 1 
